Intraply cracking and delamination are the basic modes of damage in cdmposite laminates and their interaction constitutes an important phase in damage development. Such an interaction is investigated in the present work through a two-dimensional finite element analysis of a three-point bending beam model. This configuration is considered to embody the basic characteristics of lowenergy transverse impact of composite laminates, where damage is a major concern. Interleaves are incorporated in the model to evaluate their role in the damage process. The stacking sequence used is [0/A/90/A/0] (,a/ denotes an interleaf), and an intraply crack at 45 ° to the loading line is assumed in the central 90 ° ply. The damage process is simulated by specifying the delamination growth at the tips of the intraply crack along the beam axis direction. Stress fields and the strain energy release rates are evaluated at different stages of the delamination growth.
INTRODUCTION

Interaction between intraply crack and delamination
A major design concern in structural applications of high performance fiber composite materials is their susceptibility to damage. Intraply cracking (splitting along fibers) and delamination have been identified as the most basic modes of damage, and are known to interact to form a three-dimensional damage network. These two modes have been analyzed individually; their interaction under various laminate loading conditions, however, has not been adequately studied. With recent development in toughening composites for improved damage tolerance, there exists a pressing demand for more precise knowledge regarding the interaction between intraply crack-287 ing and delamination. Within this context, a model analysis is conducted in the present work to examine such an interaction.
Experimental studies have suggested that there are two intraply cracking and delamination interaction situations in a laminate panel subject to out-of-plane impact, i.e. (a) delamination initiation by a bending-related tensile intraply crack at the back surface, and (b) delamination initiation by a transverse shear-related intraply crack inside the laminate. These are shown in Fig. 1 . Investigations into the first, situation have been reported, 1,2 and the delamination has been concluded to be predominantly mode I fracture. The second situation has only been examined recently, 3 and the results show a significant through-thickness normal stress concentration, implying the involvement of mode I component of fracture in further delamination growth. On the other hand, a delamination analy-sis model 4, 5 as shown in Fig. 2 , which is believed to resemble the second interaction situation, predicts pure mode II delamination fracture. It is therefore of interest to investigate in detail the fracture modes of delamination, from its initiation to propagation, in association with the intraply crack.
apparent toughness of the interleaved materials during delamination propagation. To the present authors' knowledge, the effect of interleaves on the stress distribution and fracture driving forces remain to be fully explained.
Objective of present work
lnterleafing technology
One effective toughening technology for composite laminates with better tolerance to out-ofplane impact is the incorporation of tough homogeneous 6 or particulate-filled 7,8 interleaves into interlaminar regions. Experimental evidence 9 has revealed that the introduction of interleaves dramatically reduces the extent of delamination under impact. In addition, the presence of interleaves alters, in some circumstances, the resulting geometry of impact damage, l° as schematically shown in Fig. 3 . One question has to be answered in order to rationalize and optimize the interleafing technology; namely, what are the physical mechanisms pertinent to the observed reduction of damage and alteration of damage geometry? Recent investigations ~ 1, ~2 relevant to this question have concluded that the ability of the interleaves to undergo plastic deformation under the constraint of the adjacent plies reflects the measured (a)
The present study chooses to analyze both the initiation of delamination by an intraply crack and its further propagation under transverse load, which bears similarity to the impact damage process of laminates. For the ease of analysis, a three-point bending type of loading geometry is adopted, as shown in Fig. 4 . The primary objective of the analysis is to identify the fracture modes at different stages of the damage evolution and see how they are affected by the interleaves. Stress field and its corresponding strain energy release rates are the key parameters examined.
PROBLEM STATEMENT AND FINITE ELEMENT MODEL
In the model shown in Fig. 4 , the stacking sequence of the laminate beam is [0/A/90/A/0], where W denotes an interleaf. The thickness of the interleaves was varied to facilitate the examination of its effect on the crack propagation driving forces. The total height of the beam was maintained when the thickness of the interleaf was changed. This was achieved through adjusting the thicknesses of the 0 ° and 90 ° sublaminates. Table  1 shows the combinations of the thickness values of the interleaves and the sublaminates in the computations. While it is possible to determine exactly the location of the intraply crack by analyzing the contact stress field generated by the transverse load and employing an appropriate strength criterion, the amount of computational work thus incurred would greatly restrict the ensuing modeling of the delamination mechanism in great detail, which is the major factor of concern in this study. As a result of this consideration, the existence of an intraply crack at 45 ° to be beam axis is presumed in the 90 ° sublaminate, as shown in Fig. 4 . It is noted that this assumption is based on experimental observations and is in agreement with the result of a similar model analysis) Given the fact that the current model focuses only on the aspect of interaction between intraply crack and delamination, such an assumption appears to be justifiable.
The material properties of the composite and the interleaves are chosen to resemble those of typical carbon/epoxy composites and thermoplastic interleaves. These are given in Table 2 .
The finite element discretization is shown in separately. All delaminations were assumed to occur in the middle of the interleaves (or at the 0/90 and 90/0 interfaces when no interleaf was present). Since only linear elastic analysis was conducted, the applied load and the width of the beam were assumed to be unity (P= 1.0 N and W--1.0 mm). The finite element mesh generation was carried out using the PATRAN package, and the actual analysis using the ABAQUS package.
DELAMINATION INITIATION
As a first step in the delamination initiation study, an intraply crack was the only damage assumed in the model. Stress fields at both ends (x= -0.25, y= -0.25 mm and x= 0.25, y= 0-25 mm, see 
Interleaf thickness, t (mm)
Interleaf thickness/T 90* sublaminate height/T 0* sublaminate height/T 0"000 (t = to) 0"014 (t = tl) 0"036 (t = t2) 0"070 (t = t3) 0"125 (t = t4) 0"000 0"112 0"288 0"560 1"000 4"000 3"888 3"712 3"44 3"000 8"000 7"552 6'848 5"76 7"500
Note: T= 0.125 mm is the thickness of one individual composite ply. Comparison of theoretical and numerical predictions of crack tip near-field stress distribution. crack tip, the stresses indeed appear to follow the theoretical slope represented by the straight line.
The co-existence of both interlaminar normal and shear stress components indicates that delamination initiation by the intraply crack parallel to the plies would be mixed mode fracture. It is then of interest to know, from a fracture mechanics point of view, the relative magnitude of the two components of the strain energy release rate (SERR). To achieve this, the virtual crack closure technique by Rybicki 13 was employed to decompose the SERR. Two series of computations are discussed in the following. Figure 10 shows the deformed configurations of the tip regions of the intraply crack from the two series. In both series, an incremental delamination initiation was assumed at the lower end of the intraply crack where in the first no crack extension was allowed ( Fig. 10(b) ), whereas in the second a complete delamination was assumed to have formed at the upper end of the intraply crack (Fig. 10(c) ). The ratios of the two components of the SERR in the two series of computations are given in Fig. 11 . It is seen that at delamination initiation, there is a strong involvement of mode I fracture. This substantiates the stress field results presented in the last paragraph. It is also interesting to note that the pre-existence of the delamination at the upper shoulder of the intraply reduces the mode I to II ratio quite significantly. unlike the crack initiation cases introduced in Section 3, no through-thickness normal stress concentration is preset at the crack tip. Only that of the interlaminar shear stress remains. Figure 13 gives a representative example of SERR results with an interleaf thickness of tE.
Both mode I and mode II components increase with the length of the lower delamination (i.e. b).
More importantly, immediately after the initial growth of the delamination, the mode II component outweighs the mode I component. In fact this is true for all the interleaf thickness values investigated, as shown in Fig. 14 ( for clarity, to case is omitted; see Fig. 10 for this case). Figure 15 shows the sum of mode I and II SERRs obtained from the virtual crack closure approach. Ratio of mode I and II components of SERR at delamination lengths (complete delamination at upper interface). SERR of the model was also computed using the compliance differential (CD) approach, the result of which should constitute a rather rigorous independent reference to the results shown in Figs 13-15. Table 3 presents an example of the comparison of SERR results by the virtual crack closure and the compliance differential approaches. Excellent agreement is found between the results by the two approaches, indicating the good accuracy of the virtual crack closure mode partition. Figure 16 can be used to assess the effect of the interleaves from another perspective. At the initiation of the lower delamination ( Fig. 16(a) ), an increase in the thickness of the interleaves is seen to reduce the mode I and promotes the mode II SERR, bringing the values of the two components closer. The same effect is observed in all the other delamination lengths investigated, except that under these circumstances, mode II SERR dominates.
From Fig. 16 , the total SERR at a given delamination length is seen generally to increase with the thickness of the interleaves. However, as in the case of the interlaminar shear stress, the effect of the constant load should be eliminated to examine the effect of the interleaves on the crack driving forces. The present study examines a parameter, the strain energy release rate per unit total strain energy (SERR/SE). This proposed parameter appears to be more meaningful and conceptually clearer than the SERR when the fracture driving forces of two different structures are compared, it is in fact the amount of energy released relative to the stored elastic energy for a unit area crack extension. From the viewpoint of stress distribution, it reflects the stress concentration of a structure. Figure 17 plots SERR/SE against the interleaf thickness for the models in this study. Based on this figure, an argument can be made Note: Aa = 0.00056794 mm is the incremental delamination growth for both VCC and CD approaches. Effect of interleaves on ratio of SERR and strain energy. that for a given delamination length, embedding interleaves in the thickness range investigated only marginally alters the stress concentration. In fact, thicker interleaves slightly increases the stress concentration pertinent to the assumed manner of crack propagation, which is not welcome if examined purely from a structural perspective.
DISCUSSION
Transition of fracture mode with delamination propagation
It has been demonstrated that severe throughthickness normal stress exists at the tips of the intraply crack before delamination. This is in agreement with the result in Ref. 3 , where a vertical intraply crack is assumed. The very existence of this stress renders the involvement of mode I SERR. The mode I SERR is seen to decrease relative to the mode II component as Fig. 14 shows. Further, associating this with Fig. 11 , it is obvious that the mode I component diminishes extremely rapidly with the growth of the delamination. In previous studies, 4,5 the damage process has been modeled solely by delamination propagation without the involvement of the intraply crack. It was concluded that delamination propagation is always a mode II fracture event, regardless of the position of the delamination in the beam thickness direction. This is a result of the constraint of continuity of deflection and cross-sectional rotation at the delamination front and the symmetry line (equivalent to lines Ix I= b and x= a in the current problem, see Fig. 4) . In the present modeling, it appears that the intraply crack brings in a local disturbance in stress distribution near its tips, but this diminishes as soon as the delamination propagates away. The correlation of the predictions of these two models is under investigation.
In the study of transverse impact damage of composite laminates, generally mode II delamination toughness appears to correlate with the extent of damage more linearly than mode I toughness does) 4 The present result seems to suggest that although the damage process does involve mode I fracture, it is nonetheless dominated by mode II fracture. It is perhaps worth noting that such a simplified beam model is by nature incapable of fully explaining what happens in a three-dimensional laminate damage situation. For example, in the transverse impact problem, tensile failure near the back surface of the laminate frequently occurs, which invalidates the assumption of rotational continuity of the crosssections mentioned above. As a result, the problem changes to the first scenario of interaction of intraply crack and delamination (Fig. l(b) ) which, as summarized in the Introduction, is a mode I fracture dominated failure.
Role of interleaves in delamination fracture
The use of the SERR/SE ratio effectively eliminates the influence of the applied load and highlights the energy releasing characteristic of a structure. It is seen from the result that the soft interleaves do not reduce the stress concentration at the delamination front. It is therefore clear that any benefit in impact damage tolerance from incorporating interleaves must stem from the intrinsic high toughness of the interleaves themselves. In this sense, the interleaf technology is a materials improvement strategy rather than a structural optimization.
A further implication of the use of the SERR/ SE ratio is in the evaluation of impact damage tolerance of laminates interleaved to different extents. In practical fabrication, the number of plies of prepregs in a laminate is normally maintained, while interleaves of different thickness are embedded. This results in laminates of different total thickness, making it difficult to evaluate the impact damage tolerance on the basis of incident impact energy per laminateJ 5 It appears more logical to follow the concept of the SERR/SE ratio here, and evaluate damage on an absorbed energy per unit stored strain energy basis.
CONCLUSIONS
A model study of damage development in a composite laminate beam under concentrated transverse loading has been carried out. Attention has been given to the interaction between intraply crack and delamination. Influence of soft interleaves is investigated in conjunction with this nodel study.
The numerical results reveal that whether the interleaves exist or not, mode I delamination driving force is larger than that of mode II at the onset of delamination by the intraply crack. With the appearance of delamination at either tip of the intraply crack, the influence of mode I fracture component decreases rapidly. After a limited length of delamination propagation is established, the mode II delamination driving force outweighs its counterpart. Therefore, on the whole, the situation studied is essentially a mode II dominated damage process.
The ratio of SERR/SE has been used to evaluate structures with different interleaf thickness. The results based on this parameter suggest that overall, interleaves do not alleviate the fracture driving forces pertinent to delamination growth. It is thus concluded that any benefit from interleaves is entirely attributable to their intrinsic high toughness.
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